The productivity and quality of a continuous caster depend mainly on process parameters, i.e. casting speed, casting temperature, steel composition and cleanliness of the melt, water flow rates in the different cooling zones, etc. This work presents the development of an algorithm, which incorporates heuristic search techniques for direct application in metallurgical industries, particularly those using continuous casting process for the production of steel billets and slabs. This is done to determine the casting objectives of maximum casting rate as a function of casting constraints. These constraints are evaluated with the aid of a heat transfer and solidification model based on the finite difference technique, which has been developed and integrated with a genetic algorithm. The essential parts of continuous casting equipment, which must be subjected to monitoring, as well as a methodology of mathematical model and physical settlements in each cooling region, are presented. The efficiency of the intelligent system is assured by the optimisation of the continuous casting operation by maximum casting rate and defect-free products. This approach is applied to the real dimension of a steel continuous caster, in real conditions of operation, demonstrating that good results can be attained by using heuristic search, such as: smaller temperature gradients between sprays zones, reduction in water consumption and an increase in casting speed.
Introduction
The use of support strategies in industry, such as the operation of simulation and production control programmes has increased in recent years. Computer science, robotics and artificial intelligence techniques are being introduced for the optimisation of manufacture, reduction of costs and quality maximization of the final product [1, 2] . The continuous casting of steel is one among a number of industrial processes, which is subjected to perturbations during continuous operation. In this case, it is absolutely essential to develop a control system connected to a heat transfer mathematical model, which must be able to analyse the solidification progress [3] [4] [5] . Modelling offers the ability to simulate operating parameters, which must be continuously compared to a system of metallurgical rules in order to guarantee that optimal conditions for manufacture are determined. The purpose of continuous casting simulation is to provide a processing map that is generally a temperature against the time plot of the process or distance from meniscus. Fig. 1 shows a schematic diagram of the process variables that affect the temperature profiles and quality. The idea of using simulation to optimise a continuous caster is not just a theoretical concept and its practicality has already been demonstrated [6] [7] [8] [9] [10] [11] [12] . An expert system for billet casting problems has been developed to guide billet caster operators when analysing quality related problems and to provide them with a ready source of fundamental knowledge related to caster operation. Brimacombe, Samarasekera, Kumar and Meech projected this expert system [7] . A mathematical model was presented by Larreq and Birat [8] , which has been developed together by IRSID and INRID, and which searches for the optimum settings of secondary cooling. These settings are defined as those which make it possible to run the caster at its maximum productivity and to cast free-defect products. Filipic and Sarler [9, 10] proposed and implemented a computational approach for the continuous casting of steel, which consists of a numeric simulator of the casting process and a genetic algorithm (GA) for real parameter optimisation. Based on the values of process parameters, the simulator computes temperature fields in the strand and analyses the metallurgical criteria. Lally et al. [11] developed a heat flow and solidification model coupled with optimisation strategies, which determine the process parameters that maximize quality of final product applied to billet and slab casters. The main difference between these studies is the solution of optimisation problems, whereas Larreq applied non-linear programming problem, Filipic utilized GA and Lally used successive quadratic programming. Cheung and Garcia proposed a heuristic search method applied to the continuous casting of steel billets, which explores the space parameter settings in order to find optimised cooling conditions which result in defect-free billet production with minimum metallurgical length [12] .
In this work, an algorithm is developed which incorporates optimisation strategies to determine the best operating parameters for the continuous caster. The algorithm incorporates search techniques to find the casting objectives of maximum production rate as a function of casting constraints. These constraints can represent product quality and process feasibility through limits on strand shell thickness at the mould exit (S m ), metallurgical length (L M ), minimum surface temperature (T min surface ), casting rate (V casting ), reheating of the strand surface in the sprays zones (DT max ) and temperature at the unbending point (T center and T surface ). The software permits navigation through the state space of the process parameters while not violating any of the metallurgical constraints imposed by the material specification and equipment operation. The progress of solid shell thickening and strand temperature profiles are simultaneously analysed during the optimisation of process parameters until an optimal cooling pattern is identified as a function of input parameters.
GA was adopted because it attempts to find the best solution for processing by generating a collection (population) of potential solutions (individuals) for the problem, and through recombination operators, better solutions are hopefully generated out of the current set of potential solutions until an acceptably good solution is found [13] [14] [15] in terms of product quality and process feasibility. This is done through limits on strand shell thickness, casting speed, metallurgical length and reheating of the strand surface.
Development of the algorithm
The functional structure of the algorithm is basically composed of two operating blocks: the first consisting of a numerical heat transfer model (Appendix A) [16] , which generates results for simulations as a function of the input parameters related to operating conditions and equipment limitations; and the second block, which is the manager of the algorithm, consisting of the decision rules (strategy). It determines the modifications of the boundary conditions of the continuous casting process and is responsible for the insertion of new input variables into the numerical model. This block has a strong interaction with the results provided by the numerical model. The algorithm works by iteration, and every result given by the model corresponds to an analysis performed by the decision rules block, indicating thus the need for any modification in the process boundary conditions. The algorithm includes a database of material properties for various steels.
The decision strategy was developed under a condition of interconnected variables, which means that each modification of a process variable may result in modifications of a number of other system variables. An amplitude search technique has been used to generate results, which are compared to a range of acceptable operating parameters. The major difficulties arising from this kind of programming are: convergence of results and the total time needed by the system in order to achieve an adequate output and the possibility of redundancy [17] [18] [19] . The basic idea is to maintain a population of candidate solutions that analysed under selective pressure favours better solutions. This method is a class of local search based on solution-generation mechanics [13, 14] .
The starting operating conditions are firstly submitted to the decision strategy and inserted into the numerical model, which generates a simulation representing the solidification in the continuous casting equipment. The decision block contains a set of critical and limiting operating conditions imposed by metallurgical constraints, which is systematically compared to the simulations determining, when necessary, modifications to the input variables. Such modifications are performed by observing the functional limits of each variable, for instance, if the decision block finds it necessary to modify the casting speed that will be done inside the limits of maximum and minimum casting speeds imposed by the continuous caster. As soon as a variable is modified, the decision block reinitiates the simulation block with the new input variables.
The interaction mechanism between the simulation and decision blocks is based on a process of questions and answers. The second block (decision) requests the results obtained from the first one (simulation) by introducing the input parameters. The first block responds, and the information is reanalysed by the second block, which decides if the results are adequate, and if a new search must be carried out.
Therefore, this study was developed to attempt maximum casting rate depending on the settings of operating parameters, such as changes in the secondary cooling (sprays), reflected in heat transfer coefficients and casting speed. These settings are defined as those which make the running of the caster at its maximum productivity, minimum cost and the casting of defect-free products, possible.
In order to develop the decision strategy it was necessary to acquire a knowledge base concerning the continuous casting of steel, containing two groups of information:
1. equipment information, 2. process information.
1. Equipment information represents the input parameters of the heat transfer model and intelligent programme, and generally relates to the physical characteristics of the equipment and to the quality of the cast steel. This information is a fixed characteristic of the operation, such as caster geometry, composition of steel, casting temperature, type of mould, mould length, mould taper, metal level, number and length of sprays zones, unbending point and water temperature. 2. The process information represents the transient variables that can be changed, and are classified as: Boundary variables can be modified within an operating range to meet specifications of the desired output, and can eventually be associated to economic features and be defect-free. For instance: casting speed and secondary cooling efficiency. Control variables are associated to the results of the continuous casting process. By mapping adequate results, the optimal operating conditions can be achieved. For instance: solid shell thickness, surface and center temperature profiles and quality.
The decision rules (or strategy) were established from economic aspects of the process, as shown in Table 1 , in terms of the adopted priorities. The operating range of the variables is a transient one, which means that once a maximum/minimum value is obtained, this will be considered the new limit of the range. This is so, due to the fact that the search must be heuristic, this implies that it must be selective and must try only a small percentage of what is available to be tried out. Boundary variables for the optimisation problem, including casting speed and secondary cooling efficiency, were selected because they are the parameters that most affect the temperature profiles predicted by the thermal model. Other functions, namely temperature field and solid shell thickness are used to represent the physical limitations of the process [7, 8, 10, 11] .
The decision rules are based on: Metallurgical criteria (control variables):
• Shell thickness at the mould exit (S m ) Shell thickness must be greater than some minimum value (S min ), and this is determined by approximately 10% of the value of the half section size (thickness) and can be written as:
or in terms of temperature:
Position ðL mould exit Þ ) T 0:1e casting 6 T S ð2Þ where L is the position along the caster, e casting is the strand section size, T 0:1e casting is the temperature at a point corresponding to 10% of the value of half section size and T S is the solidus temperature of the alloy. This constraint avoids breakout occurrences.
• Metallurgical length (T center )
The solidification of the ingot has to be complete before the point where a high deformation is given, (unbending point) in order to avoid internal and transversal cracking and centerline segregation. Complete solidification is the best approach for this type of positional constraint applied to the unbending point. This constraint is:
where T center is the temperature at the center of the strand.
• Unbending temperature (T min surface )
The strand surface must be at a temperature outside the low ductility region found in steels that means either at a temperature greater than the high-temperature limit of the ductility trough or lower than the low-temperature limit, in order to avoid transverse surface cracking.
The lower limit of low ductility trough for steels is usually located between 700 and 750°C, which is the temperature where the c-a transformation starts (T c-a ), so the strand surface temperature must be lower than:
The upper limit of the low ductility trough corresponds to the transition between transgranular fracture and intergranular fracture (T trans ). Depending on the composition of the steel, this upper temperature limit can vary between 900 and 1100°C:
PositionðL unbending point Þ ) T min surface > T trans ð5Þ
Limiting the strand surface above the upper limit of the low ductility region, transversal cracking is also reduced. Longitudinal cracking at the unbending point is most common in steels with carbon contents between 0.08% and 0.14%, the maximum value observed being 0.12% C. In this work, the strand surface was considered to be kept above the upper limit of low ductility temperature, which is called T min surface .
• Reheating between zones (DT max )
The reheating effect occurs when the strand passes from a cooling zone with a high heat transfer coefficient to one with a lower heat transfer efficiency, and must be limited as a function of steel grade and casting operating parameters. This reheating leads to the development of tensile stress at the solidification front, which can induce cracking. The maximum permissible reheating rate along the machine has been chosen to be 100°C in order to avoid midway surface cracking [19] . This constraint can be written as:
Position ðL sprays Þ ) T max surface À T min surface 6 DT max ð6Þ
This constraint requires temperatures in each zone to be less than a fixed maximum, where:
Equipment constraints (boundary variables):
• Water flow The physical constraints are simple upper and lower bounds on the variables, such as casting speed and water flow rates for mould and for each sprays zone. The water flow rate in a given zone (mould or sprays) has a lower and an upper limit depending on the hydraulic system, which is given into heat transfer terms [20, 21] . The sequence of priority is modifying casting speed and sprays water flow.
• Casting speed
The casting rate is ðV casting Þ bounded with a minimum and maximum value, given by:
Position ðL sprays Þ ) h max sprays 6 h sprays 6 h min sprays ð9Þ
where h is the heat transfer coefficient.
Functional structure of the decision strategy
The starting point for the development of an algorithm, able to make decisions based on results generated by a numerical model, consists essentially of a previous analysis of the production system to provide a knowledge domain, which will be involved in the development of the intelligent programme.
The manipulation of the knowledge base allows the development of a model of linear programming, in which the system will behave in a natural and continuous way, searching for optimal conditions by using results of simulations. However, the systems analysed under conditions of linear programming must not be confused with expert systems.
In the particular case of the continuous casting of steel, the knowledge base leads to the technical specifications necessary to provide the output desired. The results furnished by the model are directly compared to the specified control variables. The decision strategy is free to modify any boundary variable depending on the results of simulations. Fig. 2 presents a schematic representation of the linear behaviour of the intelligent program.
Objective and constraint functions used in the optimisation framework were formulated to represent productivity of the machine, quality of the cast strand and casting speed. Machine productivity is characterised by the limitation of casting speed, metallurgical length and sprays cooling, and the metallurgical constraints are solid shell thickness, surface and center temperatures and surface defects.
Process parameter optimisation
The objective has been to minimise temperature gradients as a function of the control variables and a number of system constraints. This is achieved by carrying out a series of simulations performed by the heat transfer model. The temperature profile obtained from the solution was used to determine a total of four pre-defined criteria given by: shell thickness at the mould exit, temperature at the center of the strand at the unbending point and minimum and maximum strand surface temperatures at the sprays zones.
Consider a cost function J ðx i Þ, x i being a p dimensional vector containing real-coded variables, whose ith component x i is bounded between x max and x min , such that x min 6 x i < x max . In order to solve this problem by using a GA technique, it is necessary to map the variables onto a binary space, through a linear mapping relationship of the type [10] :
where w i is the weight of the criterion. The process starts with nominal values of operating parameters and, as a function of results simulated by the heat transfer mathematical model (shell thickness and temperature field in the strand), the casting speed and cooling conditions are modified in such a way that the final ingot or slab metallurgical quality is assured. The cooling criteria are formulated in such a way that the lower values of thermal gradients among sprays cooling zones correspond to the better situation, with J ðx i Þ ) 0. For each criterion, a weight denoting the relative importance of the criterion was used, where the solid shell thickness at mould exit and the point of complete solidification have maximum weight (10) , and surface temperature sprays have minimum weight (1) .
The GA to determine optimisation in continuous casting consists of:
Step 1: the generation of an initial population of results simulated with input parameters of process (nominal);
Step 2: the computation of cost function;
Step 3: the modifications of casting speed and cooling conditions in each region where the constraint was violated applying genetic operator to determine new parameter of process;
Step 4: the generation of new results; Step 5: the computation of cost function;
Step 6: if function cost decreased, then the result is P J minimum ;
Step 7: if P J ) 0 end; otherwise go to step 3.
Genetic operators are used to facilitate the search process. In this work, a linear crossover operator (a crossover operator generates one or more solutions by combining two or more candidate solutions) and a genetic local search technique (favours better solutions under a selective pressure), were applied. Fig. 3 shows a schematic design of a steel continuous caster with different control needs. An algorithm, programmed to work on line, acts in real time conditions, and has real process conditions, furnished by sensors placed at strategic positions along the equipment, as inputs [21] . The output generated by the algorithm is immediately sent to the controllers, who are responsible for the modifications of the operating conditions, which could be made by using a neural network technique [22] .
Possibility of on-line and off-line coupling
Off-line coupling, since it does not work in real time conditions, allows the analysis of the equipment characteristics. The present work, deals with an off-line programme and the numerical model is based on the finite difference technique supported by analogies between electrical and thermal circuits.
Results and discussion
The numerical heat transfer model is validated against experimental measurements of a 1008 carbon steel slab, monitored during industrial operation of a slab caster. The thermophysical properties used in calculations, as well as slab caster parameters are presented in Table 2 (equipment information). A variable heat transfer coefficient in the mould region has been adopted and the cooling efficiency of each secondary zone was calculated by using the approach proposed by Bolle and Moureau [21] . Effects of convection in liquid metal have been considered by assuming an effective liquid conductivity given by k ef ¼ 5k L [4] . The comparison between experimental data and predictions furnished by the proposed model is shown in Fig. 4 , where good agreement can be observed. The experimental and calculated control variables are shown in Table 3 .
By using heuristic search, the numerical programme finds adequate operating parameters, which attain the best condition for the solidified shell at the mould exit, the minimum Table 2 Input parameters of slab caster and thermophysical properties of steel (simulation 1) variation on ingot surface temperature, as well as completing solidification in minimum time (minimisation of length of liquid pool). These conditions must also minimise quality problems. A practical simulation was performed with the developed algorithm, and the results were compared to real operating conditions of slab steel caster. The input parameters used by the mathematical model, such as operating conditions and characteristics of the continuous caster are listed in Table 4 . Fig. 5 shows a comparison between the surface temperature distribution verified during a real industrial casting operation and those suggested by the intelligent programme.
The latter situation allows a smaller variation in surface temperature in some sprays zones, due to some modifications in sprays cooling efficiencies, as suggested by the algorithm. It can be seen in Table 5 , that the proposed modifications in sprays zones 3, 4 and 6 will lead to a reduction in water consumption of about 28%. Heuristic search used intervals of 0.002 m/s speed casting and 0.01 1/s water sprays flow, and it finally suggests a modification in casting speed from 0.020 to 0.022 m/s, representing a rise of 10% on the production scale. 
Conclusion
The application of heuristic search techniques and a numerical heat transfer model to simulate optimal operating conditions for a steel continuous caster, has been proven to be a powerful tool for managing the continuous casting process. A simulation generated by the intelligent algorithm, when compared to the cooling pattern used in a real slab continuous caster, has shown that the modifications suggested by the model assured ingot quality and can lead to a significant reduction in water consumption, as well as an increase in casting production. where q is material density (kg/m 3 ); c is specific heat (J/kg K); k is thermal conductivity (W/m K), T is temperature, t is time and q o is the heat source term. In order to model the mathematical treatment, it was assumed that the heat flux is unidirectional from the center to the surface and can be considered negligible along the vertical direction. Then, Eq. (A.1) becomes:
In this study, a fixed grid methodology is used with a heat source term due to phase change, which is given by an explicit solid fraction-temperature relationship as q o ¼ qLðof S =otÞ, where the solid fraction depends on a number of parameters and L is the latent heat of fusion (J/kg). However, it is quite reasonable to assume that f S varies only with temperature and the f S can be obtained from:
where T L is the liquidus temperature, T S is the solidus temperature and k 0 is the partition coefficient; and by using the pseudo-specific heat concept, the following is obtained [23] :
The model permits the insertion of physical properties as a function of temperature, considering the amount of f S , as: k ¼ ðk s À k l Þf S þ k l ; q ¼ ðq s À q l Þf S þ q l and c ¼ ðc s À c l Þf S þ c l À ðLdf S Þ, where indices s and 1 indicate solid and liquid respectively.
A.1. Analogy between thermal and electrical systems
Approximating Eq. (A.2) by finite difference terms, and by multiplying heat flux area ðA t Þ and Dx, which is equal to the volume, the following is obtained:
and by making an analogy between thermal system and the passive elements of an electrical circuit [24] , where the thermal capacity is given by:
ðA:6Þ
The thermal resistance at the heat flux line from point i þ 1 or i À 1 to point i is given by:
This term is given by the sum of thermal resistance inside element i (from the center to the surface) according to the following equations: and
ðA:11Þ
This equation can be written as:
ðA:12Þ
where:
Eq. (A.11) or (A.12) are generic and can be applied to any geometry, by varying only the area and volume to be considered.
